Objectives-To define the role of the costimulatory molecules B7-1 and B7-2 in inflammatory disorders of the peripheral nervous system. B7 molecules are essential for eVective antigen presentation and may determine the diVerentiation of T cells into a Th-1 or Th-2 phenotype, thus modulating immune response and disease course. Methods-Forty nine sural nerve biopsies from patients with neuroborreliosis, Guillain-Barré syndrome (GBS), chronic inflammatory demyelinating polyneuropathy (CIDP), CIDP variants and hereditary neuropathies, and those with no detectable abnormality were investigated. The expression of B7-1 and B7-2 mRNA and protein was investigated by polymerase chain reaction (PCR) and immunocytochemistry. Results-B7-1 mRNA was strongly upregulated in both cases of neuroborreliosis, in two cases of GBS and one case of variant CIDP. Moderate to low levels were detected in the remaining GBS and CIDP biopsies and were rarely found in a noninflammatory control group consisting of hereditary neuropathy and normal nerves. At the immunocytochemical level, strong expression of B7-1 protein was found in both neuroborreliosis cases, and moderate or low expression in six of eight GBS cases and seven of 17 CIDP cases investigated, whereas only one of five non-inflammatory control nerves showed staining, which was very weak. In neuroborreliosis, B7-1 protein was found very pronounced in epineurial infiltrates, whereas in GBS and CIDP, labelling was predominantly endoneurial and localised to putative macrophages. B7-2 mRNA and protein were expressed only at low levels in neuroborreliosis and selected autoimmune neuropathy cases, and were essentially absent from noninflammatory controls. Conclusions-B7 molecules are expressed in the peripheral nervous system and regulated during disease, and their presence in macrophages underlines the putative function of endoneurial macrophages as local antigen presenting cells in the immunopathology of peripheral nerve. B7-1 rather than B7-2 is preferentially upregulated, possibly promoting the induction of a Th-1-type T cell response within the nerve. (J Neurol Neurosurg Psychiatry 2000;69:362-368) 
Guillain-Barré syndrome (GBS) and chronic inflammatory demyelinating polyneuropathy (CIDP) are inflammatory disorders of presumed autoimmune aetiology of the peripheral nervous system (PNS). Activated autoreactive T cells are probably of key importance in the initiation of disease 1 although humoral immune responses play a part in pathogenesis. 2 3 Activation of T cells not only requires presentation of processed immunogenic peptide fragments on the surface of local antigen presenting cells in the context of major histocompatibility complex (MHC) antigens to interact with the T cell receptor, but also additional antigen-non-specific costimulatory signals. One of these signals is provided through the interaction of the costimulatory molecules B7-1 and B7-2 on antigen presenting cells with their ligands CD28 and CTLA-4. 4 5 Antigen presentation in the presence of B7 results in T cell activation whereas absence of signals from B7 molecules may induce anergy or immunosuppression. Furthermore, antigen presentation in the presence of B7-1 may drive T cells towards the Th-1 phenotype with expression of interleukin (IL)-2, interferon (IFN)-, and tumour necrosis factor (TNF)-whereas presentation in association with B7-2 may induce the Th-2 phenotype with predominant expression of IL-4, 6 7 although recent in vitro experiments using antigen presenting cells deficient in B7-1 or B7-2 give less clear results. 8 Finally, whereas interaction with CD28 on T cells results in activation, engagement of CTLA-4 may deliver an inhibitory signal to T cells and induce peripheral T cell tolerance. 9 The expression of B7 molecules is not restricted to monocytes and macrophages but occurs on other immune cells including dendritic cells, T cells, and B cells. 4 In the CNS, microglial cells are the predominant cell type expressing B7 molecules. 10 11 In multiple sclerosis lesions, immune cells including putative microglial cells express B7-1 and B7-2, [10] [11] [12] whereas in stroke B7-2 is exclusively expressed. In vitro, human microglia constitutively express B7-2 and display B7-1 with prolonged culture in a time dependent manner. [13] [14] [15] Both molecules can also be upregulated on cytokine stimulation in vitro. By virtue of their ability to express B7, microglia may act as local antigen presenting cells in the brain and may play a critical part in lesion formation in multiple sclerosis. In the PNS however, the function of B7 molecules has not been defined. In sural nerve biopsies from patients with inflammatory and non-inflammatory neuropathies, MHC class II antigens have been found both on macrophages and Schwann cells, 16 whereas in experimental animals, macrophages seem to be the major site of MHC II expression. 17 18 Thus macrophages rather than Schwann cells are the likely antigen presenting cell in the PNS and, in addition to executing cytotoxicity towards myelin sheaths, they may be critical components in initiating an autoimmmune response such as in GBS and CIDP. 1 To date it is unknown whether and where B7 molecules are expressed in peripheral nerve and how the local microenvironment of axons and Schwann cells may influence B7-1 and B7-2 preponderance. We have therefore investigated the presence of B7-1 and B7-2 mRNA and protein in sural nerve biopsies from patients with inflammatory and non-inflammatory neuropathies.
Methods

PATIENTS
Sural nerve biopsies from 49 patients were examined. They were performed for diagnostic purposes with informed consent, and scientific investigations on these biopsies were performed under a research protocol approved by the University of Würzburg ethics committee. Most of these nerves were investigated in previous studies, and details of the patients were described elsewhere. 19 20 The clinical data and the availability of biopsy material for polymerase chain reaction (PCR) experiments and immunohistochemistry are given in the table. In brief, two patients had definite acute neuroborreliosis and harboured borrelia burgdorferi IgM antibodies in their serum and CSF. Twelve patients had the demyelinating form of acute GBS. 21 These biopsies were taken in the context of a study protocol. Twenty patients had CIDP as diagnosed by accepted research criteria 22 with minor modifications as described. 19 Four of these patients had additional diagnoses that might possibly relate to peripheral nerve damage, including stenosis of the lumbar spinal canal, lymphoma, diabetes mellitus, and chronic infection, and one patient was biopsied twice during the course of his disease. Eight patients had variants of CIDP that either formally diVered from classic CIDP by the absence of motor symptoms and signs or fulfilled only part of the diagnostic criteria of CIDP but featured marked inflammatory infiltrates in sural nerve biopsies. 19 Five biopsies were available from patients with hereditary neuropathies including hereditary sensory neuropathy, hereditary motor and sensory neuropathy type II, hereditary neuropathy with liability to pressure palsies (two cases), and mitochondrial neuropathy. Finally, two biopsies seemed normal and were taken from clinically and electrophysiologically normal nerves for suspected cerebral vasculitis and metabolic encephalopathy. The normal biopsies and the biopsies from patients with hereditary neuropathies were grouped together to serve as non-inflammatory controls.
RNA EXTRACTION AND PCR ANALYSIS
Biopsy specimens of 2-3 mm in length were homogenised and total RNA was extracted according to standard procedures as described previously. Three tenths of the resulting total RNA was reversely transcribed using SuperscriptII reverse transcriptase (Promega, Madison, WI, USA) and 25 ng/µl oligo(dT)12-18 and random hexamers as primers (both from Pharmacia, Uppsala, Sweden). One twentieth ( -actin) or one eighth (B7-1 and B7-2) of the resulting first strand cDNA was amplified by PCR using 0.5 µg each of forward and reverse primer, 80 nM dNTP, 1,2 U Taq polymerase (Perkin Elmer, Foster City, CA, USA) and 0.08 µl ( 32 P)dCTP (3000 Ci/mmol; Amersham, Little Chalfont, England) in a total volume of 30 µl. Amplification was conducted for 33 cycles (B7-1 and B7-2) or 30 cycles ( -actin), each of 60 seconds at 94°C for denaturation, 60 seconds at 60°C for annealing, and 90 seconds at 72°C for extension. For B7 amplification, the following primers were used: 12 15 5'-AAC TCG CAT CTA CTG GCA AAA GGA GAA-3' and 5'-GGG AAA CTG TTG TGT TGA TGG CAT TTA-3' for B7-1; 5'-TGA TTC GGA CAG TTG GAC CCT GAG AC-3' and 5'-CTT GTC AGT TTC CAG AAT ACA GAA GAT GGT C-3' for B7-2. After amplification, the samples were subjected to 5% polyacrylamide gel electrophoresis, the gels were dried, and PCR products were visualised by autoradiography on Fuji RX x ray film for 2-24 hours. Quantification of amplification products was achieved using a phosphorimager Betascope 603 Blot Analyzer (Betagen, Waltham, MA, USA). B7 mRNA content was expressed in arbitrary units as the mean of two independent experiments and semiquantitatively assessed after normalisation for -actin mRNA content. In some experiments, specificity of non-radioactive PCR products was confirmed by Southern blotting and hybridisation with radioactively labelled internal oligonucleotides (for B7-1: 5'-AGA AAA TGG TGC TGA CTA TGA TGT CTG-3'; for B7-2: 5'-GTA TCA ATG TAT CAT CCA TCA CAA AAA GCC C-3'). (fig 3 A, B) . Control sections after omission of primary antibody or use of an irrelevant antibody were always negative both on tonsil and nerve. B7-1 was strongly expressed in both cases with neuroborreliosis. Intense immunocytochemical reaction product was found in ramified cells in the epineurium often located within perivascular round cell infiltrates (fig 2  B and fig 3 C ). Endoneurial expression was also marked but somewhat weaker and present in scattered cells throughout the endoneurium (fig 3 D) . By morphology and distribution, these cells strongly resembled endoneurial and epineurial macrophages rather than T cells or other cellular components of the peripheral nerve. Immunocytochemical stains on neighbouring sections for T cells and macrophages confirmed similar staining patterns betweeen B7-1 and macrophages, although fewer cells were stained with B7-1 antibody than with macrophage markers (not shown).
Summary of patient characteristics and availability of material for polymerase chain reaction (PCR) experiments and immunohistochemistry (IHC)
In six of eight GBS cases and seven of 17 CIDP cases investigated, B7-1 signals were detected but were weaker than in neuroborreliosis (fig 2 B) . Expression in GBS was generally stronger than in CIDP. There was limited expression on scattered epineurial perivascular cells (fig 3 F) , with occasional perivascular clusters of B7-1 positive cells. In the endoneurium, there consistently were numerous scattered cells with small ramifications or an elongated shape resembling endoneurial macrophages that were weakly or moderately labelled with B7-1 antibody (fig 3  G, H) . Occasionally, rounded cell profiles in the vicinity of myelin sheaths were noted that might represent Schwann cells. Comparing the staining pattern with the neuroborreliosis cases, endoneurial staining was relatively more pronounced than epineurial staining in GBS and CIDP, whereas the opposite was true for the neuroborreliosis cases.
In the hereditary neuropathy cases studied, either no specific staining or only very occasional epineurial cells staining for B7-1 were found, with minimal or absent endoneurial staining (fig 2 B, fig 3 I ).
Figure 3 Immunocytochemistry for B7 in (A, B) human tonsil and (C-I) various neuropathies. Human tonsil served as positive control tissue, disclosing numerous (A) B7-1 and (B) B7-2 positive mononuclear cells. (C-E) In neuroborreliosis, B7-1 expression was found in (C) numerous epineurial cells and to a lesser extent in (D, arrowheads) the endoneurium. Many of the epineurial B7-1 positive cells were ramified and resembled macrophages by morphology and distribution, whereas endoneurial labelled cells were rounded or elongated and again were distributed similar to macrophages. (E) B7-2 expression was restricted to epineurial perivascular round cells in fewer areas. (F, G) In Guillain-Barré syndrome, there was only weak expression in rare epineurial perivascular round cells (F, arrowhead and inset), whereas numerous endoneurial labelled cells were found (G, arrowheads). These cells were distributed like macrophages, and carried small ramifications or were elongated with the typical morphology of endoneurial macrophages (G, arrow and inset) and distinct from Schwann cells. (H, arrows) A similar, but often very weak labelling pattern was found in isolated cases of chronic inflammatory demyelinating polyneuropathy whereas no unequivocal staining was found in non-inflammatory control nerves (I, hereditary neuropathy with liability to pressure palsies). In such cases, only background staining was found. Technical controls were negative throughout (not shown). All sections were counterstained with haematoxylin except H. Bar=100 µm in A-C and I, 50 µm in D-F, 35 µm in G, and 20 µm in H.
B7-2 immunoreactivity was only very rarely found. In the neuroborreliosis cases, B7-2 was identified in round cell infiltrates (fig 3 E) and occasional epineurial ramified cells, with no definite staining within the endoneurium. In the other inflammatory neuropathies, no consistent endoneurial staining was demonstrable but unequivocal albeit weak staining for B7-2 was noticeable in two CIDP cases. Some labelled epineurial cells were also occasionally found which could also be seen in one of the hereditary neuropathy cases.
COMPARISON OF PCR AND IMMUNOHISTOCHEMICAL RESULTS
Twenty seven biopsies were available both for PCR and immunohistochemistry. In 21 of these biopsies PCR and immunohistochemical data were supportive of each other. In three samples, there were B7 PCR amplificates above background but no immunohistochemical signals, and in another three biopsies we found immunohistochemical signals with low or absent B7 mRNA.
Discussion
The initiation of a local immune response in the peripheral nerve as a prerequisite for autoimmune inflammation requires eVective presentation of antigen to surveying T cells. Local resident macrophages are main candidates for antigen presentation as they readily express MHC class II molecules both in a resting state and after activation. 16 18 We now report that the costimulatory molecules B7-1 and to a lesser extent B7-2 may also be found in peripheral nerve and are regulated during autoimmune disease. These data demonstrate that local cells within the PNS may eVectively present antigen to T cells enabling them to actively participate in the initiation and maintenance of an autoimmune response. They also underline the apparent immunocompetence of the PNS.
B7-1 mRNA and protein were not present in all biopsies but were found at high levels mainly in an infectious neuropathy caused by Borrelia burgdorferi and in a subset of cases with GBS, CIDP, and CIDP variants, with only low levels in others and complete absence in some. In interpreting these data, it should be noted that due to the low amounts of RNA available no proper quantitative PCR with internal competitors could be performed, 24 and that immunocytochemical quantification reflects no more than estimates as the stains were generally too weak to allow for reliable numerical quantification of labelled cells. However, immunocytochemical and PCR data are largely consistent and supportive of each other, although mRNA was occasionally found in biopsies that were negative at the immunocytochemical level, and vice versa. This might be due to diVerences in sensitivity or sampling errors, or due to B7 mRNA present in contaminating blood cells within the biopsy samples. It should further be noted that immunocytochemistry, although weak, was well reproduced within individual nerves providing reliable results, whereas PCR quantification was less controlled due to lack of an internal competitor. Despite these technical considerations it seems clear that B7-1 mRNA and particularly B7-1 protein are upregulated in several inflammatory neuropathies compared with subjects with normal nerves and patients with hereditary neuropathy. B7-1 expression, particularly in the epineurium, seemed to be more pronounced in inflammatory infiltrates from patients with more acute neuropathies of short duration such as neuroborreliosis and GBS. This is consistent with our findings in multiple sclerosis where B7-1 was upregulated particularly in acute plaques from early disease cases. 12 However, it should be noted that the absence of B7 in other inflammatory biopsy specimens does not necessarily reflect true absence because of the well known sampling issues involved in obtaining peripheral nerve biopsy specimens. Thus B7 expression may go undetected even if present elsewhere or at another time in the same patient. In non-inflammatory controls, only minimal immunocytochemical signal for B7-1 protein was present in one single biopsy whereas it was absent in the others. Low levels of B7-1 PCR amplification product in these biopsies may again either reflect the higher sensitivity of the method or the amplification of mRNA derived from contaminating blood cells inevitably present in the specimens. In addition, inflammatory infiltrates may occasionally be present in hereditary neuropathies. Similarly, B7-2 was noted in biopsies from patients with inflammatory neuropathies but was virtually absent from non-inflammatory controls. Unfortunately, only two normal nerves were available for comparison as such nerves usually are not being biopsied.
The preferential overexpression of B7-1 in GBS and CIDP, in addition to the neuroborreliosis cases, emphasises the immunoinflammatory aetiology of these conditions. Interestingly, expression was particularly strong epineurially in neuroborreliosis and more conspicuous endoneurially in GBS and CIDP. These diVerences may reflect the actual site of the inflammatory response, which is an epineurial perivasculitis in neuroborreliosis 25 and an immune response against myelin and other endoneurial components in the case of GBS and CIDP. 1 Although published data on MHC II expression were not reproduced in the present study, it seems that B7 expression does not correlate closely with MHC II expression as MHC II positive macrophages are also abundantly present in degenerative neuropathies. MHC II expression may thus be part of a more general activation programme of macrophages, much as it is used by activated microglial cells of the CNS which readily express MHC II molecules once activated. 26 By contrast, B7 expression may be more restricted and specific for inflammatory conditions where it may be required as a costimulatory signal in antigen presentation. Thus as a preliminary speculation, B7 expression might even be useful as a diagnostic marker to diVerentiate inflammatory neuropathies from degenerative conditions, as has been described for other inflammatory macrophage markers.
Macrophages seemed to be the main source of B7 molecules in the present study. This assumption is based on the typical morphology and distribution of B7 positive cells both epineurially and endoneurially. It is additionally supported by colocalisation of B7-1 and the macrophage antigen CD 68 in some double immunofluorescence experiments not shown in the present paper as B7-1 immunofluorescence was too weak to be unequivocally reproduced and photodocumented. In addition, some occasional B7-1 positive putative Schwann cells were seen, and B7-2 positive round cells might either represent macrophages, T cells, or B cells. Thus, B7 expression was found on those cells already known to express B7 molecules in vitro and present antigen, 4 and those expressing MHC II in peripheral nerve-namely, macrophages. 16 18 Our data thus further support the accepted notion that macrophages rather than Schwann cells are the main immunocompetent cell of the PNS.
In most biopsies, B7-1 mRNA and protein were much stronger and more widely expressed than B7-2. These findings diVer somewhat from in vivo studies in multiple sclerosis where B7-2 staining was also widely found. 12 In an experimental model of multiple sclerosis, experimental autoimmune encephalomyelitis, B7-2 also seemed to be more readily expressed than B7-1. 27 Such diVerences may be important as presentation of antigen in the context of B7-1 and B7-2 may determine the type of T cell response to antigen-namely, Th-1 and Th-2. 6 7 28 The preferential expression of B7-1 over B7-2 particularly in neuroborreliosis and GBS may therefore indicate the evolution of a proinflammatory, primarily Th-1 type T cell response, possibly consistent with the more acute course of these diseases. Indeed, a Th-1-type T cell response has been demonstrated in Lyme arthritis, 29 and Th-1-type cytokine responses are thought to be associated with disease susceptibility, 30 whereas T cells generating both interferon (IFN)-and IL-10 were found in chronic infection. 31 Cytokine studies in GBS nerves are sparse, but experiments in experimental autoimmune neuritis, an animal model of GBS, have shown early expression of IFN-, IL-2, IL12p40, and TNF-, with later expression of the immunosuppressive cytokines transforming growth factor (TGF)-1 and IL-10.
32-36
Whether B7-1 and B7-2 expression relate to specific cytokine profiles of T cells present in these biopsies remains to be determined. Furthermore, it is unknown whether B7 molecules in peripheral nerve would interact with CTLA-4 or CD28 in vivo. Studies in experimental autoimmune encephalomyelitis have shown a contribution of CTLA-4 to disease down regulation whereas CD28 is required for disease induction and progression. 37 In summary, our data document for the first time the expression of B7 costimulatory molecules during autoimmune or infectious inflammation in human peripheral nerves and thus underline the immunocompetence of the PNS microenvironment and of endoneurial macrophages in particular. Future studies will have to further delineate the role of deviations of the B7 system in the pathogenesis of inflammatory neuropathies and to clarify whether B7 molecules may serve as therapeutic targets in the treatment of inflammatory PNS disorders.
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